Background: poor cognitive and motor performance predicts neurological dysfunction. Variable performance may be a subclinical indicator of emerging neurological problems. Objective: examine the cross-sectional association between a clinically accessible measure of variable walking and executive function. Methods: older adults aged 60 or older from the Baltimore Longitudinal Study of Aging (n = 811) with data on the 400-m walk test and cognition. Based on ten 40-m laps, we calculated mean lap time (MLT) and variation in time across ten 40-m laps (lap time variation, LTV). Executive function tests assessed attention and short-term memory (digit span forward and backward), psychomotor speed [Trail Making Test (TMT) part A] and multicomponent tasks requiring cognitive flexibility [TMT part B, part B-A (Delta TMT) and digit symbol substitution test (DSST)]. Multivariate linear regression analysis examined the cross-sectional association between LTV and executive function, adjusted for MLT, age, sex and education, as well as the LTV × MLT interaction. Results: the LTV was univariately associated with all executive function tests except digit span (P < 0.001); after adjustment, the association with TMT part A remained (standardised β = 0.142, P = 0.002). There was an interaction between MLT and LTV; among fast walkers, greater LTV was associated with a greater Delta TMT (β for LTV × MLT = −1.121, P = 0.016) after adjustment. Conclusion: at any walking speed, greater LTV is associated with psychomotor slowing. Among persons with faster walking speed, variation is associated with worse performance on a complex measure of cognitive flexibility. A simple measure of variability in walking time is independently associated with psychomotor slowing.
Introduction
Although poor performance on a wide range of cognitive and motor tasks predicts adverse outcomes in older adults, variable performance (defined as the fluctuation over a short period of time) provides additional insights [1] [2] [3] . Neuroimaging studies suggest that disrupted white matter structure [4] and lesions in frontal grey matter areas [5] may lead to fluctuating performance, and ultimately reduce overall speed. In older adults, poor sensorimotor performance, and walking speed in particular, is related to cognitive function, especially executive function [6] [7] [8] . Executive function, a broad term that encompasses cognitive skills, such as attention, psychomotor speed and multicomponent abilities requiring cognitive flexibility, may present as abnormally slow or variable walking performance [7, [9] [10] [11] . Most tests of walking variability require an instrumented gait laboratory to capture step-to-step variations in the timing and spacing of walking [11] . A simpler and more accessible approach to detect variability in walking is to assess temporal variation across segments or 'laps' of a 400-m walk [12] . Lap time variation (LTV) has been shown to predict mortality, but it is not known whether something as simple as LTV is associated with executive function. Since healthcare providers and community planners wish to screen older adults to identify and ameliorate risk, easily accessible indicators like variability across laps while walking, may play a useful role.
Many prior studies examining the associations between gait variability and executive function have tended to create a single summary variable from a set of executive function tests. Since executive function has numerous distinct aspects that reflect less or more complexity, it may be advantageous to more closely examine the patterns of association between individual tests and walking variability.
The goal of this study is to assess in community-dwelling older adults without dementia, whether LTV during a 400-m walk is associated with a range of executive function measures, and whether the association depends on mean lap time (MLT).
Methods Participants
Participants were drawn from the Baltimore Longitudinal Study of Aging (BLSA) and included 811 men and women aged 60-96 years who were healthy enough to complete the 400-m walk test at least once between 2007 and 2013. Since 1968, older adults (>60 years of age) in the BLSA completed an expanded neuropsychological test battery to better characterise age-related cognitive changes. All 811 participants in this study underwent neuropsychological assessment and 400-m walk during the same visit. Based on a clinical adjudication process, 16 of these participants were eventually diagnosed with mild cognitive impairment and 9 with Alzheimer's disease. The study protocol was approved by the institutional review board of record at the time of data collection. All participants provided written informed consent.
Lap time variation
LTV was obtained from the 400-m Long Distance Corridor Walk (LDCW). As administered in the BLSA, the LDCW consists of a 2.5-min walk done at a normal pace followed immediately by a 400-m walk done as quickly as possible. The course is 20 m long in an uncarpeted corridor marked by orange traffic cones at either end. Participants are instructed to walk to the far cone and back for 10 laps of 40 m. Participants receive encouragement and feedback on laps remaining after completion of each lap.
For each participant, MLT (in seconds) was computed as the arithmetic mean of time to complete each of the ten 40-m laps. The LTV was measured as standard deviation (SD) of residuals around each individual trajectory. First, the individual trajectory was computed from a participant-specific regression of lap time on lap number using linear random-effects models with random intercepts and slopes. Then, the residual was computed as the difference between the lap time from each lap and the predicted lap time based on participant-specific regression of lap time on lap number. Finally, the SD of residuals from 10 laps was obtained and used in the analysis. This detrended SD is considered a more accurate measure of variability than the SD of MLT as it controls for the effect of fatigue-related slowing on variability.
Neuropsychological assessments
Cognitive function was measured by trained examiners at the same BLSA visit as the 400-m walk performance, to assess the following domains: mental status, executive function, memory, language, attention and visuospatial ability. Our main interest, based on prior evidence, was measures of executive function, but we also examined mental status and other domains to evaluate the specificity of our findings.
(1) Executive function: multiple measures were used to assess executive function, including the Wechsler Adult Intelligence Scale-Revised (WAIS-R) digit span forward (n = 803) and digit span backward (n = 803), Trail Making Test (TMT) A (n = 662) and B (n = 645), and digit symbol substitution test (DSST) (n = 741). The digit span subtests of WAIS-R target attention and working memory [13] . The TMT is a well-established clinical assessment of psychomotor speed (Part A) and cognitive flexibility (Part B) [14] . In addition, we computed a difference score (Delta TMT) (n = 645) by subtracting time to perform TMT part A from time to perform TMT part B. Delta TMT is considered a more accurate measure of executive control function than Part B alone since it removes psychomotor speed [15] . The DSST is used as a measure of information processing speed [13] . (2) Mental status: the Mini-Mental State Examination (n = 712) [16] and the Blessed Information-Memory-Concentration test (n = 807) [17] were used to assess global mental status. (3) Memory: California Verbal Learning Test [including total correct scores from List A (n = 707), short delay free recall (n = 705) and long free recall (n = 701)] [18] and Benton Visual Retention Test (n = 800) were used to measure memory [19] . (4) Language: Letter fluency (n = 662; letters F, A and S) [20] , category fluency (n = 662; fruits, animals and vegetables) [21] and the Boston Naming Test (n = 654) [22] were used to assess language. (5) Visuospatial ability: Card Rotations Test was used to assess spatial rotational ability [23] (n = 753).
Usual gait speed
Usual gait speed was measured on a 6-m course in an uncarpeted corridor. Participants were asked to walk at their usual and comfortable pace. Time to complete the 6-m course was measured. Two trials were completed and the faster gait speed was used for analysis in meter/second.
Statistical analysis
Pearson correlation coefficients or independent t-tests were used to assess univariate correlations of LTV and MLT with sample characteristics and executive function measures. For correlations between LTV and executive function measures that were significant at P < 0.05, we developed multivariate linear regression models, adjusted for MLT and additionally adjusted for age, sex and education. To determine the specificity of our findings, the cross-sectional associations between LTV and other cognitive function measures were also examined using linear regression models. We further assessed whether the association between LTV and executive function depended on MLT by adding a LTV-by-MLT interaction term. The LTV and MLT were first centred at their respective means, and an interaction term was created based on centred values. Models were adjusted for age, sex and education. In this exploratory analysis, statistical significance is reported as P < 0.05. We performed an additional sensitivity analyses in the 786 participants who did not develop mild cognitive impairment or Alzheimer's disease. Results were unchanged, so were not reported further.
Results
The participants had a mean age of 72.3 years and 50.2% were female (Table 1) . Greater LTV was associated with older age, higher body mass index, slower usual gait speed, lower levels of physical activity level and longer MLT (Table 1) . Longer MLT was associated with older age, female gender, black race, lower education, higher body mass index and slower usual gait speed. Older age was associated with a longer time to perform TMT part B, longer Delta TMT and lower DSST scores.
Longer MLT was associated with all executive function measures, while greater LTV was associated with longer time to perform TMT part A, part B, Delta TMT and lower DSST scores, but not with scores on the WAIS-R digit forward and backward tests (Table 1) . After adjustment for MLT, the association between LTV and TMT part A remained significant ( Table 2 , Model 1). There were no associations with other domains of cognitive function, including mental status, memory, language and visuospatial ability (see Supplementary Appendix S1, available in Age and Aging online).
There was a significant interaction between LTV and MLT on several executive function tests (see Supplementary Appendix S2, available in Age and Aging online, Model 1), indicating stronger associations between LTV and TMT part B, Delta TMT, and DSST scores in faster walkers (Figure 1) Table 2 . Regression models of LTV predicting executive function measures that were significant at P < 0.05, standardised unit increased as MLT decreased. After adjustment, the interaction between LTV and MLT on Delta TMT remained significant (see Supplementary Appendix S2, available in Age and Aging online, Model 2), while the interaction effects on TMT part B and DSST scores were slightly attenuated after adjustment to a borderline effect with a trend of P < 0.10 (see Supplementary Appendix S2, available in Age and Aging online, Model 2). There were no significant interaction effects between LTV and MLT on other cognitive domains (data not shown).
Discussion
Using a simple, clinically accessible measure of walking variability, we found that greater LTV, independent of walking speed, was associated with psychomotor slowing as measured by TMT part A. In contrast, only in fast walkers there were associations between LTV and TMT part B, Delta TMT, and DSST, more complex tests that require greater cognitive flexibility. This study has several novel aspects. First, our definition of walking variability is simple and accessible since it is based on times from each of the 10, 40-m laps of a 400-m walk. Since this approach requires no laboratory equipment and costs little, it may allow walking variability to be assessed in clinical and community settings [12, [24] [25] [26] . Secondly, we examined specific domains of executive function, including psychomotor speed, attention and complex aspects of cognitive flexibility. We also demonstrated the specificity of the associations between simple measures of motor variability and executive function, compared with other cognitive domains. Finally, we examined the potential modifying effect of walking time on these relationships.
Consistent with prior studies that used gait laboratories, we found many univariate associations between walking variability and executive function measures, including longer TMT part A, part B, Delta TMT and lower DSST scores [10, 11] . As in another study, we did not find an association with digit span [9] .
After adjusting for MLT, the association between variability and TMT part A remained. The TMT A is the simpler of this pair of tests, and is thought to probe psychomotor speed, visuomotor scanning and attention, rather than complex cognitive flexibility. Poor performance on Trails A is a general sign of slowing and was consistently associated with variability at any walking speed. The associations between LTV with TMT part B, Delta TMT, and DSST were substantially attenuated after controlling for MLT. Adjustment for MLT may have introduced collinearity, because it is significantly correlated with LTV. Nevertheless, in our sample, variability did not provide additional explained variance beyond walking time to the more complex measures of executive function. In contrast, among fast walkers only, there were consistent findings regarding lap time variability relationships with more complex measures of executive function that requires cognitive flexibility. Perhaps increased walking variability is an early indicator of poorer executive control function even before walking slows.
This study has limitations. Overall, there was no consistent pattern between LTV and the full set of executive function measures after full adjustment. The association between LTV and TMT part A, while withstanding adjustment for multiple factors, would not hold up under a further correction for multiple testing. We chose not to correct for multiple comparisons because we felt that we were evaluating specific domains of executive function rather than six aspects of the same phenomenon. It is possible that some of our findings could be due to chance. We acknowledge that our findings would benefit from replication in another cohort. This initial study is cross sectional, while longitudinal analyses should be performed in the future. Cross-sectional studies cannot address causality. The findings from this study suggest that a very simple measure of walking variability; LTV during a standard 400-m walk, is associated with some measures of executive function and that these associations differ by walking speed.
Key points
• A simple, clinically accessible approach to detect variability in walking is to assess temporal variation over repeated laps.
• Greater LTV, independent of walking speed, is associated with psychomotor slowing.
• Greater LTV appeared to be associated with worse executive control function only in faster walkers.
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